Background: Twin pregnancies are at increased risk for adverse outcomes and are associated with greater gestational weight gain compared to singleton pregnancies. Studies that disentangle the relationship between gestational duration, weight gain and adverse outcomes are needed to inform weight gain guidelines. We created charts of the mean, standard deviation and select percentiles of maternal weight gain-for-gestational age in twin pregnancies and compared them to singleton curves. Methods: We abstracted serial prenatal weight measurements of women delivering uncomplicated twin pregnancies at Magee-Womens Hospital (Pittsburgh, PA, 1998 and merged them with the hospital's perinatal database. Hierarchical linear regression was used to express pregnancy weight gain as a smoothed function of gestational age according to pre-pregnancy BMI category. Charts of week-and day-specific values for the mean, standard deviation, and percentiles of maternal weight gain were created. Results: Prenatal weight measurements (median: 11 [interquartile range: 9, 13] per woman) were available for 1109 women (573 normal weight, 287 overweight, and 249 obese). The slope of weight gain was most pronounced in normal weight women and flattened with increasing pre-pregnancy BMI (e.g. 50th percentiles of 6.8, 5.7, and 3.6 kg at 20 weeks and 19.8, 18.1, and 14.4 at 37 weeks in normal weight, overweight, and obese women, respectively). Weight gain patterns in twins diverged from singletons after 17-19 weeks. Conclusions: Our charts provide a tool for the classification of maternal weight gain in twin pregnancies. Future work is needed to identify the range of weight gain associated with optimal pregnancy health outcomes.
Women carrying twin gestations are at increased risk of a number of adverse pregnancy outcomes linked with gestational weight gain, such as fetal growth restriction, gestational diabetes, and preeclampsia. [1] [2] [3] [4] Further, women carrying twins tend to gain more weight than women carrying singletons, 5 potentially increasing their risk of excess post-partum weight retention and longer term obesity. [6] [7] [8] [9] In 1990 and again in 2009, the Institute of Medicine (IOM) recognized the importance of identifying optimal weight gain ranges for women with twin pregnancies. 5 Yet, as highlighted in a recent systematic review, the evidence base to inform weight gain guidelines for twin pregnancies is extremely limited. 10 The 2009 IOM Committee was only able to produce provisional weight gain guidelines for twin pregnancies, which were based on the observed interquartile range of weight gain observed in a single study of mothers who delivered twins weighing at least 2500 g at ≥36 weeks gestation. 5 A major challenge in determining optimal gestational weight gain in twin pregnancies is that both pregnancy weight gain and adverse outcomes are strongly correlated with gestational duration. 11 That is, many adverse outcomes (such as stillbirth or preterm birth) occur at younger gestational ages, and women delivering earlier have less time to gain weight. This makes it difficult to disentangle the contribution of low maternal weight gain to adverse outcomes from the contribution of preterm birth. Low weight gain among women delivering preterm may be a result of the preterm delivery, not the cause of it (reverse causation). In the study of fetal and pediatric growth, this methodological challenge has been overcome with the use of birthweight-or estimated fetal weight-for-gestational-age charts, where a fetus' weight is expressed in relation to that of its peers of similar gestational age using fetal weight percentiles or z-scores. 12, 13 More recently, charts for maternal weight gain-for-gestational-age in singleton pregnancies have been proposed for global, 14 Swedish, 15 and
United States populations. 16, 17 However, no weight gain charts are available for twin pregnancies.
In this report, we present charts of weight-gain-forgestational-age in women with uncomplicated dichorionic twin pregnancies, providing a tool for studies seeking to establish weight gain ranges associated with lowest risks of adverse outcomes in twins.
Methods

Study population
Our cohort was drawn from all women delivering twin pregnancies from 1998 to 2013 at the MageeWomens Hospital in Pittsburgh, Pennsylvania. Detailed data on these deliveries are maintained in the electronic Magee Obstetrics, Medical, and Infant Database. A validation study demonstrated excellent correlations between database content and medical record re-abstraction for key variables in this study such as pre-pregnancy weight, height, last measured weight, and gestational age (all >0.93). 18 We restricted our study population to twin pregnancies with no comorbid pre-pregnancy conditions [diabetes (type 1 or 2) or hypertension] resulting in two non-anomalous livebirths at or beyond 35 weeks' gestation. We excluded monochorionic twins because the antenatal care and monitoring of these twins is markedly different than dichorionic twins, and they are at significantly higher risk of adverse outcomes. We further excluded twin pregnancies that were reduced (spontaneously or intentionally) from triplet pregnancies as well as women with missing prepregnancy body mass index (BMI, kg/m 2 ), no prenatal weight measurements, or no ultrasound confirmed estimate of gestational age (<24 weeks).
Weight measurements
Self-reported pre-pregnancy height (m) and weight (kg) were used to calculate pre-pregnancy BMI (weight divided by height squared, kg/m 2 ), which was categorized as underweight (<18.5 kg/m 2 ), normal weight (18.5-24.9 kg/m 2 ), overweight (25-29.9 kg/m 2 ), and obese (≥30 kg/m 2 ). Serial prenatal weights measurements were abstracted from the medical record using a REDCap (Research Electronic Data Capture) database specifically designed to conduct electronic data entry for this study. Prenatal weight gain at each week of gestation was calculated as the difference between each measured prenatal visit weight minus pre-pregnancy weight. Total pregnancy weight gain (kg) was defined as last weight before delivery (measured) minus pre-pregnancy weight. The electronic forms were also used to abstract data on chorionicity and assisted reproductive technology.
Gestational age
Gestational age at Magee-Womens Hospital is estimated using last menstrual period confirmed or revised with early ultrasound. Based on American Congress of Obstetricians and Gynecologists guidelines, last menstrual period is revised with the ultrasound estimate if the discrepancy with first trimester ultrasound estimates is greater than 7 days (with a first trimester ultrasound), or 10 days (second trimester ultrasound). 19 
Statistical analysis
We used a hierarchical linear regression model to express the serial prenatal weight gain measurements as a function of gestational age. Separate charts were constructed for each pre-pregnancy BMI category, as the effect of pregnancy weight gain on adverse outcomes is known to differ by pre-pregnancy BMI, and current provisional IOM guidelines are BMI-specific. 5 Weight gain measurements were log-transformed to ensure that the model's assumptions of homoscedasticity of residual errors, and normality of distribution of response variable were not violated. A constant was added to all weight measurements to eliminate negative weight values, as negative values cannot be log transformed (7.59 for normal weight, 9.64 for overweight, and 11.45 for obese women). We modeled gestational age using a restricted cubic spline 20 to allow the weight gain curve to vary across gestation in a smooth, non-linear manner. Random effects were added to the intercept and linear term of the restricted cubic spline, which ensured that our estimates accounted for the correlation between a woman's repeated prenatal weight measurements. We used visual inspection of the fitted values and the Akaike Information Criteria to determine the number of knots in the spline. The final regression equations were used to produce a chart with smoothed estimates of the mean, standard deviation (SD), and selected percentiles of gestational weight gain at each week throughout gestation.
The goodness-of-fit of the estimated means and standard deviations of weight gain to the raw data was assessed using recommended approaches. 21 We produced a scatter diagram superimposing the fitted means and standard deviation on the raw data to ensure that no systematic over-or under-estimation of weight gain was apparent. We checked that the appropriate proportion of observations falls below and above the estimated threshold for 1 and 2 standard deviations.
Sample size estimation
We based the sample size requirements for each weight gain chart on the number of women, rather than the number of weight gain observations. 21 Based on preliminary data, we estimated that we would have a fixed sample size of 687 normal weight, 270 overweight, and 249 obese class women with uncomplicated twin pregnancies. We estimated the accuracy of our charts at the 16th and 84th percentiles, which are the percentiles corresponding to 1 SD (z = À1 and +1 for 16th and 84th percentiles, respectively). The standard error associated with a given percentile can be expressed as a multiple of the gestational age-specific SD through the equation: SE(percentile) = √[(1 + z 2 / 2)/n], where z is the appropriate value from the standard normal distribution. Based on BMI categoryspecific gestational weight gain means and standard deviations from deliveries in our population, we estimated that the 95% confidence interval for the 16th and 84th percentiles would be within 0.6 kg in normal weight, 1.3 kg in overweight, and 1.2 in obese women. Our initial plan to stratify by severity of obesity was not possible due to the relatively small numbers in these subgroups. The anticipated low number of underweight women carrying twin pregnancies precluded the creation of charts for this category.
Results
A total of 3143 twin pregnancies were delivered at Magee-Womens during our study period. We excluded 658 monochorionic twin pregnancies, 54 twin pregnancies reduced from higher order multiples, and 103 pregnancies for whom antenatal chart data were unavailable (typically because they received antenatal care elsewhere), 843 pregnancies delivered before 35 weeks, 9 pregnancies with a stillbirth, 41 anomalous pregnancies, 27 pregnancies with pre-gestational diabetes, 55 pregnancies with prepregnancy hypertension, 88 with no ultrasound-based estimate of gestational age, 23 without valid prenatal weights measurements, and 96 with missing prepregnancy weight or height data. There were too few underweight women (n = 37) from which to produce a chart. This left an analysis sample of 1109 pregnancies.
As shown in Table 1 , women in our cohort tended to be older than 30 years of age, nonHispanic White, and covered by private insurance. Approximately 45% of the cohort was nulliparous, and began pregnancy either overweight or obese. Thirty (30) percent of the cohort conceived using assisted reproductive technologies. Three-quarters of women had 10 or more prenatal weight measurements available. Total gestational weight gain decreased with increasing pre-pregnancy BMI, with normal weight, overweight, and obese women having median [interquartile range] weight gains at delivery of 20 [16] [17] [18] [19] [20] [21] [22] [23] [24] , 19 [15] [16] [17] [18] [19] [20] [21] [22] [23] , and 15 [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] kg, respectively. As shown in Figure 1 (for normal weight women) and Figure S1 (overweight and obese women), there were no pronounced inflection points in the pattern of weight gain at the end of the first trimester, but a slight flattening of the weight gain slope after 28 weeks.
The equations from our final models describing the mean and variance of weight gain as a function of gestational age are provided in Appendix S1. These estimates are shown in Figure 1 and Figure S1 superimposed on the observed weight gain measurements. We made a post-hoc decision to use restricted cubic splines with five knots in the default position after visual inspection of the model with the best fit of seven knots (based on Akaike Information Criteria) suggested overfitting. The fitted means and standard deviations appeared to fit the crude data reasonably well, with 75.2, 75.3, and 76.2 percent of crude observations classified as within 1 standard deviation (68% expected) and 96.7, 95.7, and 95.3 within 2 standard deviations (95% expected) in normal weight, overweight, and obese women, respectively. Predicted week-specific values were within 1.2 kg of crude weight measurements for all weeks between 6 and 39 weeks, with the majority of predicted values within 0.5 kg. Table 2 and Figure 2 show the final weight-gainfor-gestational age charts for normal weight women (Table S1 and Table S2 for overweight and obese, respectively, and Figure S1 ). The week-specific log mean and log standard deviations can be used to calculate a given woman's weight gain z-score as follows: first, add the BMI-category specific constant (provided in Appendix S1) to the woman's weight Gestational age (weeks) gain measurement (i.e. weight gain measurement + constant c). Second, log transform this adjusted weight measurement (i.e. log[weight gain measurement + constant c]). Third, identify the log mean and log SD values for that week of gestation from Table 2 , and insert into the formula: (log[weight gain measurement + constant c] À logmean)/logSD. For example, the z-score for a woman who had gained 12 kg at 24 weeks would be calculated as: (log[12 kg + constant of 7.59 kg] -2.876)/0.235 = 0.42, where 2.876 and 0.235 are obtained from the log mean and log SD columns for 24 weeks' gestation of Table 2 . The z-score of 0.42 indicates that this woman was above the population average of weight gain for gestational age (where a z-score 0 corresponds to the population median weight), confirmed by comparing her 12 kg gain to the 50th percentile estimate for 24 weeks of 10.2 kg. A z-score below 0 would indicate a weight gain below the population average. In Appendix S2, we provide Stata code to convert weight gain measurements into agestandardized z-scores using day-specific estimates of gestational age (rather than weeks). 
Comment
Principal findings
This study shows the patterns of maternal weight gain across gestation in women delivering uncomplicated twin pregnancies in a large, contemporary US-based cohort. The week-specific means and standard deviations in our chart can be used to standardize a woman's total pregnancy weight gain to account for her gestational duration, providing a tool to conduct analyses of the relation between weight gain in twin pregnancies and a variety of maternal and child health outcomes.
Interpretation
The total pregnancy weight gain in our cohort was very similar to the mean values in a cohort of 706 uncomplicated twin pregnancies from Baltimore, Miami, Charleston, and Ann Arbour used to derive the IOM's current provisional guidelines. 5, 22 For example, the mean cumulative weight gains at 37-40 weeks in their cohort were 20.9, 18.9, and 15.7 kg in normal weight, overweight, and obese women, respectively, compared with 20.8, 19.1, and 15.4 kg at 38 weeks in our cohort. Data on patterns of weight gain throughout gestation in twin pregnancies are less common. Lantz and colleagues used serial prenatal Gestational age (wk) weight gain measurements in 189 uncomplicated twin pregnancies to estimate average weekly weight gains before 20 weeks and between 20 weeks and delivery, 23 while Luke and colleagues estimated the average weekly weight gain rates associated with good fetal growth (based on serial ultrasounds) from 0 to 20, 20 to 28, and ≥28 weeks in 2324 pregnancies. 22 Data from this cohort were used by the IOM committee to estimate the mean and interquartile range of weight gain rate (kg/week) in uncomplicated twin pregnancies between 2 and 13 weeks, 14-26 weeks, and 27 weeks to delivery. 5 Our study extends this work by producing tables that directly estimate the means, standard deviations, and select percentiles for each week of pregnancy (and equations providing day-specific values), rather than values averaged across the period of a trimester or longer (which assumes a linear pattern of weight gain). Further, our charts were created using a multi-level longitudinal model, which correctly accounts for the correlation between a woman's repeated weight measurements. 24 This is important when creating weight-gain-forgestational age charts, because ignoring the correlation will cause the standard deviations and the upper and lower percentiles to be artificially narrow. As expected, the total weight gain in twin pregnancies in our cohort was higher than that of singleton pregnancies at Magee-Womens Hospital. 16 Figure 3 , which plots the gestational age-specific weight gain patterns in twin pregnancies in our study with previously-published values for singletons, 16 shows that weight gain patterns appeared similar until midpregnancy (approximately 17-19 weeks), but sharply diverged shortly thereafter. Of interest, the timing of divergence in twin and singleton gestational weight gain in this study was earlier than that observed in fetal growth, which was shown in the National Institute of Child Health and Human Development fetal growth study to diverge at approximately 32 weeks. 25 
Limitations
Despite having a sample size over 50% larger than that used to produce the current IOM provisional values, our sample size was smaller than anticipated (e.g. 573 normal weight women vs. 687 expected). As a result, our more extreme percentiles are less precise than planned. We did not have a sufficient number of underweight mothers to produce charts for this group of women, for whom data are extremely scarce. Our study population was drawn from a single academic medical center in Pittsburgh, Pennsylvania, with predominantly Non-Hispanic White women and the weight gain patterns may not be generalizable to all US women. Nevertheless, the total weight gains at 38 weeks in our cohort were very similar to those seen in the cohort of women from four different US cities used by the IOM committee. We have previously demonstrated that weight gain in women delivering singleton births at Magee-Womens Hospital is comparable to those of other contemporary cohorts from across the United States. 16 Finally, while our prepregnancy BMI measurements likely have some measurement error introduced by self-report of weight, 26 they reflect the information available to clinicians seeking to evaluate weight gain in the real-world setting.
Conclusions
The charts presented herein describe the weekby-week pattern of weight gain in women with twin gestations in a contemporary United States cohort. Linking the z-scores or percentiles of these charts with a broad range of adverse short and longer-term maternal and child health outcomes is a critical next step for establishing the optimal range of pregnancy weight gain for twin gestations. With higher weight gains among twin pregnancies, it is particularly important to relate gestational weight gain with longer-term outcomes such as excess post-partum weight retention, obesity, and associated metabolic complications. After studies have determined the range of weight gain z-scores associated with lowest risks of adverse outcomes, the chart could potentially be used as a tool to guide weight gain in prenatal care. 
